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INTRODUCTION

The resistance force experienced by a small caliber projectile as it transitions from the
cartridge case to the barrel forcing cone can significantly influence the interior ballistic perform-
ance of a given fixed cartridge. As part of the first report on this contract, it was assumed the
engraving force was related to the relative bore area for a 7.62-mm gun barrel with varying
rifling profiles. This assumption was tested and proved to be false, resulting in a change in
recommended rifling profile.

OBJECTIVE

The objective of this study was to assess the effect of various gun and projectile para-
meters on engraving force (resistance pressure). The gun parameters examined were:

"* Rifling profile (standard versus polygonal)

"* Barrel forcing cone angle (1.2 deg versus 2.5 deg half angle)

The projectile parameters assessed were:

"* External Lubrication (with and without spray-on solid film lube)

"* Projectile configuration (composite versus solid)

METHOD

A production M240 gun barrel assembly was received from the sponsor for use as a
control. The barrel (PN 11825987) was taken to a local National Guard armory for disassembly
and removal of press-fit components. The configuration of the baseline M240 barrel is shown in
figures 1 and 2.

--N - -- -- ---

.1

S.. .. ... ... .. . ...

Figure 1
M240 chamber drawing

1



-¢ ., , . . . S1

r~Mr

Figure 2
M240 barrel drawing

With the extraneous components removed, the bare barrel was taken to a local machine
shop for modification. Figure 3 shows the machining sketch used by the machine shop to
create the 2.5 in. long section used in the push test as a control.

3.800" Cut Here

E Cut Here ] & Square

-- J 1300" (square Not Req'd)

Threads
Figure 3

M240 baseline barrel (barrel 1) machining sketch
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The second barrel section evaluated was a modification of the M240 baseline, it had a
generic rifling configuration with a 2.5 deg half angle forcing cone versus the 1.2 deg half angle
forcing cone found on the baseline barrel.

The modified barrel machining sketch (minus the forcing cone details) is shown in figure 4.
The reamer for the modified forcing cone is shown in figure 5, while the dimensions for the
reamer are listed in table 1.

Reamer Neck Cut Off Flush
Depth = 0.25" & Square

2.500"

Cut Off Here Muzzle Threads

Figure 4
Modified M240 barrel (barrel 2) machining sketch

C D

Figure 5
2.5 deg half angle forcing cone modified 7.62-mm chamber reamer key
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Table 1

2.5 deg forcing cone reamer dimensions

Dimension key Dimension (in.)

A: 0.4370
C: 0.474
D: 0.4570
E: 0.3460
F: 0.3440
G: 0.30850
H: (TBD, est.0.2897 in.)
K: 2.0250
L: 1.3560
M: 0.3300
N: 0.1200
0: 0.2000
Q: 20 degree
R: 2 1/2 degree

The machining sketch for the polygonal barrel is shown in figure 6.

Reamer As large as possible

Neck
Depth

Figure 6
Polygonal barrel (barrel 3) machining sketch

The 2.5 deg half angle forcing cone reamer was used to put a forcing cone into the
polygonal barrel.
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The engraving force for each configuration was tested at the University of Vermont (UVM)
mechanical and civil engineering lab. Since the barrel sections did not have identical exterior
configurations, Brian Esser, a graduate student at UVM, designed adapters to hold each barrel
section for the push test. Figure 7 shows the barrel sections and the adapters.

Figure 7
Test barrel sections and fixture adapters

Each barrel section was approximately 2.5 in. in length, allowing push force measure-
ments over approximately 45 mm. In figure 7, the baseline M240 barrel section (barrel 1) is
shown in the lower right hand corner, the M240 barrel section with a 2.5 deg half angle forcing
cone (barrel 2) is shown on the left hand side, and the polygonal barrel section with the 2.5 deg
half angle forcing cone is shown at the upper right side; each with their respective adapters.

The push test machine set up is shown in figure 8. For this test, the cross head speed
was set at 100 mm/s, and the required push force (N) as a function of travel was recorded
electronically.
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Figure 8
UVM push test machine set-up

In examining the push force data, along with the barrel sections and initial projectile
seating depths, it was evident that the test data captures the initial push force to peak
engraving, but the decay from peak was artificial. The length of the barrel section chosen for
push testing was chosen by elastic column buckling considerations for a reasonable punch
length. For this reason, the push test data was fairly consistent in end travel, and the reader
should use the data contained herein with caution. However, for most interior ballistics
simulations, the travel at peak engraving force extends well beyond the travel at peak pressure,
ensuring the results obtained by using the measured data should be reasonably accurate.

A close-up of the barrel test section, the barrel adapter, the push punch, and the test cross
head is shown in figure 9.

Figure 9

Polygonal barrel sample push testing
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Standard 7.62 mm production M80 projectiles and Barnes 30 caliber, 150 grain, XFB solid
copper projectiles (commercially available) were used for this test. A cross-section of the M80
projectile is shown in figure 10, with the Barnes "X" bullet cross-section shown in figure 11.

P
JCavity

Cavity Copper Plated Steel Jacket

Figure 10
7.62 mm M80 projectile

Nose Cavity

Figure 11
Barnes 30 caliber 150 grain XFB projectile

RESULTS

The push force versus travel was recorded for each barrel test section, The results are
listed next for each barrel.



M240 Baseline

The average push test forces versus travel for the baseline M240 barrel is shown in figure
12.

1.2 Deg Half Angle FC
Average Push Force vs. Travel

6000 - I -)*-Uncoated, Solid Copper Projectiles -7/-*---Moly Coated, Solid Copper Projectiles
I ~-4-Moly Coated MOO Projectiles

5000] -- Uncoated MOO Projectiles

•4000 -

0. 3000 - -

0 "

40 50 60 70 80 90 100 110 120
Travel, mm

Figure 12
M240 barrel, average push force versus travel and bullet type

As is evident in figure 12, the resistance force versus travel is quite different for the M80
projectile (with a lead core) versus the solid copper core Barnes "X" projectile. Also shown is
the effect of an after market, spray-on molybdenum lubricant on resistance force for both bullet
types.

In simulating interior ballistics performance, it is usually more convenient to express the
projectile resistance force as an equivalent pressure, which can be subtracted from the chamber
pressure to determine the net force operating on the projectile. This is done by dividing the
push force by the bore area to obtain a pressure, expressed as pounds per square inch in
English units or megapascals (MPa) in SI units. Figure 13 shows the data presented in figure
12 expressed as a pressure.
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Resistance Pressure vs Travel,
1.2 deg Forcing Cone

140
-.- Uncoated, Solid Copper Projectiles

120 -dr-Moly Coated, Solid Copper Projectiles -___

.120 -0--Moly Coated M80 Projectiles
-ai--Uncoated MOO Projectiles ___

00
S 80

o 60

40

~20

40 50 60 70 80 90 100 110
Travel, mm

Figure 13
M240 barrel, resistance pressure versus travel and bullet type

One of the interesting observations made during the push test was the failure of 15 test
projectiles to achieve a reasonably consistent push force value. Figure 14 shows the peak push
force value attained for the M240 barrel with the 1.2 deg half angle forcing cone for various
bullets and lubrication conditions.

1.2 Dog Half Angle FC
Peak Push Force vs. Sequence #

7000 - Uncoated, Solid Copper Projectiles

---- Coated, Solid Copper Bullets ' = 95.025X + 40 39
6000

5Moly Coated M80 Bullets -

S5000 --- Std MSO Projectiles ell

L. 4000 ..... ... .. ... ...
Y y45.112* + 3148.6 y 1Q3.52x + 1108 1

2000 -
CL

1 0 0 0 - • . . .......... ....... . .. . ... . .. - ..... . . ..
1y = 22.24$x + 1217.1

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Sequence #

Figure 14
M240 barrel, push force versus sequence number and bullet type
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With the exception of the coated Barnes "X" bullet, which shows a decreasing trend with
each projectile pushed through the standard M240 barrel, all tested projectiles exhibited an
increase in peak resistance force with increasing number of projectiles pushed through the
barrel. The failure to attain some reasonably consistent peak push force within 15 samples was
a bit of a surprise, but can perhaps be explained by the low number of projectiles transitioning
through the barrel.

The standard deviation of push force may be responsible for a large portion of the interior
ballistic variability observed during normal firing and lot acceptance testing for small caliber
ammunition. Figure 15 shows the standard deviation in push force as a function of travel for the
baseline M240 barrel with both projectiles and both lubrication conditions.

1.2 Deg Half Angle FC
Push Force Standard Deviation vs. Travel

2000 -- Moly Coated, Solid Copper Projectiles
- U ncoated, Solid Copper Projectiles

1750 Moly coated M80 Projectiles
-U--Uncoated M80 Projectiles _

1500 1

_1250
a 1000

u- 750

2 500

0 --

40 50 60 70 80 90 100 110 120
Travel, mm

Figure 15
M240 barrel, push force standard deviation versus travel and bullet type

An increase in push force standard deviation near the end of the forcing cone is expected
as any variability in engraved length of projectile results in some projectiles exhibiting large push
force values while others have very low push force values.

The push force standard deviation as a percent of the mean measured push force is
shown in figure 16.
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Resistance Force Sigma as a Percent of Mean,
100 1.2 deg FC

90 - -0-Uncoated M80 Projectiles
90 -4---Moly Coated M80 Projectiles

so 8 -*--Uncoated, Solid Copper Projectiles
* 0 -*-Moly Coated, Solid Copper Projectiles

S60
50 .. .... .. . . ... . .

S40 1 . .....
40

u. 30
*20

CL 10

0 '

40 50 60 70 80 90 100 110
Travel, mm

Figure 16
Resistance force standard deviation percent versus travel and bullet type

Figure 16 shows wide variability in push force standard deviation at either end of the push
force travel for two reasons. Early in the in bore travel, the push force is quite low, so small
differences in push force result in large percent push for standard deviations. At the end of
travel, the reason for increased variability has already been discussed.

The individual push test results for the uncoated M80 projectiles in the M240 barrel are
shown in figure 17.

1.2 Deg Half Angle FC, Uncoated M80 Projectiles
Push Force vs. Travel6000

S1-02U
5000 -U

z 1.05U
4000 ----- M1-6U

I- -+-- 1-07U

0 3000 _ __1-09

I-IO

0.

1= 000 11u

40 50 60 70 80 90 100 110 120
Travel, mm

Figure 17
M240 barrel, uncoated M80 projectile, individual push test results
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The push force behavior for the uncoated M80 projectiles in the baseline M240 barrel was
fairly consistent, despite the trend for increasing push force values with increasing numbers of
projectiles pushed through the bore.

Figure 18 shows the individual push force values for moly coated M80 projectiles in the
baseline M240 barrel. As shown, there is a significant increase in push force, especially late in
the forcing cone, exhibited by the projectiles pushed late in the test. This may indicate
deposition of molybdenum lubricant on the forcing cone. Whether this lubricant can or would be
removed by the high temperature, high velocity gases that would be present during actual firing
have not been determined.

1.2 Deg. Half Angle FC, Moly Coated M80 Projectiles
Push Force vs. Travel

6000

5000 - 1-01CS1-02C
z 1-03C
Z , •--1-04C4000 1S1-05C
0 • 1-06C

0 1-07-U. 3000 -+- 1-08C
=1•J• " ' "1-10C

(. 2000 -- 11c
1-12CS~1-13C

1000 1-14C

0
40 50 60 70 80 90 100 110 120

Travel, mm

Figure 18
M240 barrel, moly coated M80 projectiles, individual push test results

Figure 19 shows the individual push force values for the Barnes "X" bullets as a function of
travel. As previously described, there is a trend towards increasing push force values as the
test progressed.
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1.2 Deg. Half Angle FC, Uncoated Solid Copper Projectiles
Push Force vs. Travel

- IA-02U

IA-03U

5000 - I A..UZ J • A-OSU

z 
1S

4000 -a1 1A8U

0 3000 1A09U

IA-IOU
IL 2000 . IA-IIU

IA-12U

1000 . / IA-13U

IA-14U

40 50 60 70 80 90 100 110 120
Travel, mm

Figure 19
M240 barrel, uncoated Barnes "X" projectile, individual push test results

Figure 20 shows the individual push force values for the Barnes "X" bullets as a function of
travel. Contrary to previous push force testing, there is a general trend towards decreasing
push force values as the test progressed.

1.2 Deg Half Angle FC, Moly Coated Solid Copper Projectiles,
Push Force vs. Travel -A-01C

6000- -1 - A-02C

IA-03C

5000 -. ... - W--A -4C
--- 1A-05C

2!-. IA.06C
4000 -. ..........-........ . 1A-07C
300 1A.08C

0
L 3000... . IA.09C

iA-10C
U)_= 2000 .......... ........... A-11C

CL1A-12C

IA-13C1000 - ...-....-----
IA-14C

0 , -4- 1A-15C

40 50 60 70 80 90 100 110 120
Travel, mm

Figure 20
M240 barrel, moly coated Barnes "X" projectiles, individual push test results
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M240 with Modified Forcing Cone

One of the design variables assessed for this study is the effect of forcing cone angle on
push force. It was initially expected that an increase in forcing cone angle would result in an
increase in push force, but that trend was not exhibited in testing. A more complete discussion
of this phenomenon is made in the Discussion section.

Figure 21 shows the average push force versus travel for bare and moly coated M80
projectiles in a section of M240 barrel with a 2.5 deg half angle forcing cone.

2.5 Deg Half Angle FC
Average Push Force vs. Travel

6000

5000 ---- Uncoated MSO Projectiles
Z
S4000 -+-Moly Coated M80 Projectiles

0 3000

.CS2 0 0 0 ........ ... . .. .

1000

0 _

40 50 60 70 80 90 100 110

Travel, mm

Figure 21
2.5 deg half angle mod M240 barrel, average push force versus travel and bullet type

Figure 22 shows the resistance pressure versus travel for M80 projectile with and without
lubrication in the baseline M240 barrel with a 1.2 deg half angle forcing cone and a section of
M240 barrel with a 2.5 deg half angle forcing cone.

Figure 22 also shows an increased average resistance pressure exhibited by the 1.2 deg
half angle forcing cone. This is an unexpected result, and is more fully explored in the
Discussion section.
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M80 Bullet Resistance Pressure vs. Travel
45 -- 1.2 Deg FC, Moly Coated M80 Bullets

40. -1.2 Dog FC, Uncoated MS0 Bullets
40 --o2.5 Deg FC, Uncoated M80 Bullets

35 -2.5 Deg FC, Moly Coated M8O Bullets

2 30 -" ----..........

0 25

10 Siiiii

5

0 10 20 3f 40 50 60
Travel, mm

Figure 22
M80 resistance pressure versus travel, forcing cone angle, and lubrication

Figure 23 shows the standard deviation in push force for bare and lubricated M80
projectiles in the modified M240 barrel with a 2.5 deg half angle forcing cone. For this barrel
configuration, a decrease in push force standard deviation is seen with molybdenum coating.

2.5 Dog Half Angle FC
Push Force Std Deviation vs. Travel

2000 1 1 1

1750 -- Uncoated M80 Projectiles

a1500 --. Moly Coated M80 Projectiles

E
2 1250

p1000

60 500.

0. 250

0 4
40 50 60 70 80 90 100 110

Travel, mm

Figure 23
2.5 deg half angle mod M240 barrel, push force standard deviation versus travel

and bullet lubrication
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Figure 24 shows the peak push force as a function of test number for the 2.5 deg half
angle forcing cone for the bare and lubricated M80 projectiles. The lowest slope of peak push
force versus sequence number observed in this test occurs with the lubricated M80 projectiles in
the 2.5 deg half angle forcing cone.

2.5 Deg Half Angle FC,
Peak Push Force vs. Sequence Number

7000 1 1 1 1 1 1 1 1 1 L
m Moly Coated M80 Projectiles

6000 -4---Uncoated M80 Projectilesz - Linear (Moly Coated MO0 Projectiles)
.... Linear (Uncoated M80 Projectiles)€"5000 -

0
LL 4000

S3000 ....... ..
O.~ y 52,331 K + 699.$1

S20 0 0 . . .. ... . ... ........ .

1000 ! = ' "' - T V= . . . ........ .... --...

: 7.0 4x 1016.9
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Sequence Number

Figure 24

2.5 deg half angle mod M240 barrel, push force versus sequence number and bullet type

Polygonal Barrel

The polygonal barrel push tested for this assessment was a heptagonal barrel designed
under the previous study contract. The cross-section is shown in figure 25.

R - 3.91 mm
+ 0.02 mm

• :JJ/ 0.51 rnr Min

75 . 7 Places

7 Places

Figure 25
Heptagonal barrel section definition
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The heptagonal barrel provided had no forcing cone, so the 2.5 deg half angle chamber
reamer made for the M240 barrel section was used. A 2.5 in. long section of barrel was cut off
the muzzle for the push test barrel sample, and a partial chamber including the forcing cone was
machined into the sample.

Figure 26 shows the average push force for bare and lubricated M80 projectiles in the
heptagonal barrel with the 2.5 deg half angle forcing cone.

2.5 Deg Half Angle FC Heptagonal Barrel

6000 - Average Push Force vs. Travel qe

--e--Uncoated MSO Projectiles
5000 -1--Moly Coated MSO Projectiles

4 4000

0u. 3000-

Z 2000-
C.

0 ()()o0

40 50 60 70 80 90 100 110 120

Travel, mm

Figure 26
Heptagonal barrel average push force versus travel and bullet type

Figure 27 shows the push force standard deviation as a function of travel for bare and
lubricated M80 projectiles in heptagonal barrel with a 2.5 deg half angle forcing cone.

2.5 Deg Half Angle FC, Heptagonal Barrel,
Push Force Std Dev vs. Travel

2000 . . ..-

Z 1750 - s- Uncoated Mao Projectiles

( 1500 Moly Coated MaO Projectiles_

S1250-

101000

O 500

C. 250

0
40 50 60 70 80 90 100 110 120

Travel, mm

Figure 27
Heptagonal barrel push force standard deviation versus travel and bullet type
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Figure 27 also shows significantly reduced push force standard deviation for the lubricated
M80 projectiles early and late in the push test. The reduction in standard deviation early in
travel was due to a more consistent push force start location for the lubricated projectiles
compared to the unlubricated projectiles. Variability in push force start location for the
unlubricated projectiles is shown in figure 28.

2.5 Deg. Half Angle Heptagonal Barrel Push Force vs.
Travel, Std M80 Projectiles --- 3.Iu

6000 -- 3-02U
00303U
5000 .... - 3-M ~

3U53-06U
u. 4000 - 3.07u S' 3-08U

L 3000 - - . .... ý... .3.o% J S~3-1OU
VI

%* 3-11U
. 2000 3-12u

S3-13U
1000 . 3.M

S3-15UJ
0

40 50 60 70 80 90 100 110 120

Travel, mm

Figure 28
Heptagonal barrel, uncoated M80 bullets, individual push force measurements

The origin of the push force start variability may be due to wear of the forcing cone
material. Increased push force late in the forcing cone may be due deposition of bullet or
forcing cone material.

Figure 29 shows the individual push force versus travel measurements for the
molybdenum coated projectiles in the heptagonal barrel with a 2.5 deg half angle forcing cone.

2.5 deg Half Angle FC, Polygonal Barrel Push Force vs.
Travel, Moly Coated M80 Projectiles I--

6000 -_ 3-2C
3-3C

5000 - - 34C
z -~-3-5C S4000 

- 3__

0 3000 - _ 9

z 2000
3-

1000

0
50 60 70 80 90 100 110 120 130

Travel, mm

Figure 29
Heptagonal barrel, moly coated M80 bullets, individual push force measurements
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Figure 30 shows the peak engraving force versus sequence number for lubricated and
unlubricated M80 projectiles pushed through the heptagonal barrel section with a 2.5 deg half
angle forcing cone. As with the 2.5 deg forcing cone modified M240 barrel, lower push forces
and shallower slope with increasing sequence number was observed with lubricated M80
projectiles.

Heptagonal BBL, 2.5 Deg. FC
Peak Push Force vs. Sequence #

7000 -

6000Y =1981.64z:+2953.7

z S5000 ,
0

. 3000 C y: 45.$25) +3210.8

M~ 2000 --$-Uncoated M80 Projectiles0,a. 1000 -4b- Moly Coated M80 Projectiles

0 1 1 17
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Sequence #

Figure 30
Heptagonal barrel, push force versus sequence number

An attempt was made to push solid copper Barnes "X" bullets through the heptagonal
barrel, but the peak push force rose to unacceptably high values. Plastic column buckling of the
push rod brought the push test to an abrupt end.

DISCUSSION

Projectile Construction

With the push test nearly complete, the observed resistance forces for the M80 bullets did
not match the expected resistance forces very well. It had been assumed that minor
modifications of an empirically determined resistance (force) pressure model developed for
medium caliber projectiles by J. Wolf and G. Cochran in the 1970's could accurately estimate
the resistance force for a particular projectile/barrel configuration (table 2). The empirically
determined resistance pressure model for medium and large caliber projectiles is:

p, = PN * (BD - 1.0) * (BL) * (FF) * (1.92/(G / L)Ratio) + K) (1)
Cos0

2
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where

Pr = Computed resistance pressure

P,, = Normalized resistance pressure
BD = Band diameter, calibers
BL = Band length, calibers
FF = Material code, 1.0 for Fe and Cu, 0.2 for plastics
K = Small residual constant
E = Forcing cone angle

Table 2
Normalized resistance pressure versus band length

PN Pr" Travel,
S(M Pa) band lengths

2000 13.8 0.0
15000 103.4 0.2
15000 103.4 0.8
10000 69.0 1.0
7000 48.3 1.5
4000 27.6 4.0
2500 17.2 10.0
2000 13.8 30.0
1500 10.3 60.0
1500 10.3 2000.0

Equation 1 assumes the projectile has a defined rotating band that is an interference fit
with both the lands and grooves of the barrel. Small caliber projectiles are manufactured using
forming dies to plastically deform the projectile exterior, thus controlling their finished diameter.
The finished diameter can be from a slight clearance to a slight interference with the barrel
groove, but it is always an interference fit with the land diameter of the barrel.

Equation 1 was modified to estimate the resistance pressure of body engraved projectiles.
The modified equation is

= P,() * (BandDia -1.0) * Bandlength * BandMat'lFF* StiffnessFF

16.9 * Cos 8 GRatio
2 L

where

P, = Computed resistance pressure
BandDia = Band diameter, calibers
BandLength = Band length, calibers
Mat'IlFF = Material code, 1.0 for Fe and Cu, 0.2 for plastics
StiffnessFF = Stiffness factor from chart
K = Small Residual Constant
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Table 3
Small caliber reference resistance pressure versus travel

P" P" Travel,
(piO (MPa) band lengths

2000 13.8 0.00
372650 2570.0 1.4 FC Len*
478500 3300.0 (4.74 + FC Len)/2
507500 3500.0 4.0 FC Len

5400 37.2 4.8 + FC Len
5400 37.2 8.00
5400 37.2 10.00
5400 37.2 30.00
5400 37.2 60.00
5400 37.2 2000.00

*FC Len =Forcing cone length

All resistance pressure factors are identified in table 3. The modifications to equation 1 to
account for change in projectile diameter were based on the result of firings conducted at
Federal Cartridge Company.

Thus, when initial resistance force measurements were considerably lower than expected,
it was hypothesized that they were a function of the specific construction of a given projectile.
Specifically, it was believed that the elastic modulus of the projectile components and their
relative diameter at the forward and aft bourrelets affected the measured engraving force. The
push test was expanded to include the pure copper Barnes WX bullets, conclusively proving that
the projectile construction does indeed significantly affect resistance force (fig. 12). The
resistance force measured for the uncoated Barnes WX bullets in the baseline M240 barrel is
significantly higher than for the uncoated M80 projectiles (by a factor of approximately 3: 1) for
the travel between 55 mm and 90 mm. The presence of external lubrication reduces the
increase in resistance pressure to a factor of 1.5:1 for the Barnes WX bullet.

In an attempt to quantify the effect of relative radial stiffness on resistance force
(pressure), a modified "strength of materials" approach was used to estimate the absolute radial
stiffness for composite projectiles. The results of this computation were then scaled based on
the diameter of the "interface" (core diameter/projectile diameter) and a composite radial
stiffness was computed using the following relation

K interio +K.,,.'erc+ . 3

where

KT = Total radial stiffness
Kmffl,ýO = Computed radial stiffness of the interior "core"

Krxtmor = Computed radial stiffness of the exterior "shell"
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Figure 31 shows the result of the computations made to generate "absolute" radial
stiffness numbers using the relationship in equation 3.

Radial Stiffness vs. Interface Diameter
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Figure 31
Radial stiffness versus interface diameter and material

While the ability to compute the radial stiffness is interesting, it is far more useful from a
computational standpoint to compute the relative radial stiffness as the resistance force is
proportional to the square root of the relative radial stiffness. Figure 32 shows the relative radial
stiffness of projectiles of varying construction as a function of the interface diameter (in calibers)
assuming the relative radial stiffness of a pure steel projectile = 1.0, along with some polynomial
equations to estimate the relative radial stiffness.
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Figure 32
Relative radial stiffness versus interface diameter in calibers
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Figure 32 shows the relative radial stiffness of composite projectiles as a function of
interface diameter expressed in calibers. For the effect of radial stiffness on resistance
pressure, the square root of the factor determined in figure 32 must be taken. The relative
resistance pressure factor is shown in figure 33.

Relative Resistance Factor vs. Interface Diameter
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Figure 33
Relative resistance factor versus interface diameter in calibers

Using equation 2 and table 3, the resistance pressure versus in bore travel can be
computed as a function of projectile construction. A comparison between the predicted and
measured resistance pressure is shown in figure 34.

Small Cal Predicted vs. Caic. Engraving Pressure
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Figure 34
Comparison of predicted versus measured resistance pressure versus travel
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As shown in figure 34, the resistance pressure versus travel for the M80 projectile in the
baseline and 2.5 deg forcing cone half angle shows reasonable agreement between measured
and predicted data. For the Barnes "X" bullet, however, there is considerable disagreement
regarding the travel. The measured resistance force travel was short because of the limited
punch length needed to prevent elastic column buckling of the punch as the projectile was
pushed through the barrel test section.

Forcing Cone Angle

As shown in equations 1 and 2, the forcing cone angle has previously been shown to
affect resistance pressure. The basis of this effect was assumed to be the von Mises stress
elastically imposed on an inclined surface. Equation 4 shows the von Mises yield criteria for
materials with combined loading conditions.

2a 2 =(oa l-2) 2 +(a, a) (a, a)' (4)

where

a-, = Principal axis stress (longitudinal)

U2 = Principal axis stress (radial)
0,• = Principal axis stress (hoop)
0r = Combined stress

In assessing the von Mises yield criteria, an increase in total stress should occur on the
projectile with increasing forcing cone angles. However, in analyzing the resistance pressure
versus travel force for small caliber bullets, it is evident that there are different engraving
mechanisms in play as a function of forcing cone angle.

Figure 35 shows the average force versus travel measurement for the 1.2 deg half angle
forcing cone (standard M240) and the 2.5 deg half angle forcing cone (modified M240 barrel) for
uncoated and moly coated M80 bullets. It is evident in figure 35 that lower resistance forces
were measured with the higher forcing cone angle, opposite of what was expected. This
indicates that for the more shallow forcing cone angle, the engraving process was more
"elastic", resulting in higher stresses between the bullet and the barrel. The higher bullet-barrel
stresses caused higher push forces, to the point that the increase in projectile diameter caused
by the presence of spray-on molybdenum lubrication actually increases the push force late in
the engraving process. With the increased forcing cone angle of 2.5 deg half angle, there is
apparently a reduction in residual elastic stress between bullet and the barrel, resulting in lower
push forces regardless of the presence of lubrication. This is interesting, as it indicates the
existence of some forcing cone angle at which engraving forces peak, and above which the
resistance force decreases. This peak engraving force cone angle must lay between 1.2 deg
and 2.5 deg half angle for the M80 projectile. The observation that the resistance force is nearly
constant for lubricated and unlubricated projectiles at a 2.5 deg forcing cone half angle indicates
that guns with this forcing cone angle should exhibit reduced muzzle velocity variability. There
is also a reduced standard deviation in push force for the 2.5 deg forcing cone half angle
compared to the 1.2 deg forcing cone. At the end of the forcing cone, an increase in push force
standard deviation would be expected as variability in the engraved projectile length should
result in increased force variability. Push force standard deviation versus travel for unlubricated
and lubricated M80 bullets in a 1.2 deg forcing cone and 2.5 deg forcing cone is shown in figure
36.
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Push Force vs. Travel, M80 Bullets
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Figure 35
Engraving force versus travel for M80 bullets with two forcing cone angles, coated and uncoated
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Figure 36

Push force standard deviation versus travel and forcing cone half angle

Interior Ballistic Simulations

Variability in projectile engraving resistance can have a fairly dramatic effect on the peak
pressure generated by the propellant. However, variability in peak pressure does not
necessarily linearly translate into muzzle velocity variability. Figure 37 shows the effect of
barrel and forcing cone configuration on the expected peak pressure for uncoated M80
projectiles in each of the test barrels.
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P vs. T, Uncoated M80 Bullets in Various Bbis
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Figure 37
Predicted pressure versus time for bare M80 bullets in tested barrels

As shown in figure 37, the difference in peak pressure between the 1.2 deg and 2.5 deg
half angle forcing cone is quite small. The increase expected for the heptagonal barrel is due
primarily because of the increase in resistance force (pressure) early in the in bore travel.
Increases in resistance pressure that occur after peak pressure has occurred do not affect the
peak chamber pressure. This effect is shown in figure 38.

Uncoated M80 Bullets, Pressure vs. Travel
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Figure 38
Chamber and resistance pressure versus travel for bare M80 projectiles
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Early in the interior ballistic cycle, the rate of volume generation as a result of projectile
travel strongly influences the peak chamber pressure achieved by a cartridge. To this end,
projectile/barrel/forcing cone combinations that exhibit increased resistance to initial projectile
movement also exhibit increased peak chamber pressure. Figure 38 shows the effect on peak
chamber pressure caused by the nearly double resistance pressure before peak chamber
pressure is achieved. The relative insensitivity of peak chamber pressure (+15%) to large
changes in resistance pressure (+100%) was unexpected, and may be due to the linear bum
rate versus depth burned propellant deterrent model used in the modified Baer-Frankle interior
ballistics simulation used.

Figure 39 shows the predicted chamber pressure versus time for molybdenum coated M80
bullets in the three test barrel sections.

P vs. T, Moly Coated M80 Various Bbis
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Figure 39
Predicted pressure versus time for moly coated M80 bullets in test barrels

REVISED POLYGONAL BARREL CONFIGURATION

Given the unexpected increase in resistance pressure observed with the recommended
heptagonal barrel configuration, the design was revised to reduce the engraving pressure.
Comparing the original polygonal design to the revised design, the revised design has corner
width twice the original width. The dimensional details of the revised heptagonal barrel are
shown in figure 40. The revisions to the flat length make the bore area of the heptagonal barrel
equal to 99.4% of the baseline M240 barrel. This makes the expected average engraving force
for the M80 projectile through this barrel approximately 20 to 25% higher than the baseline
barrel. Given the previous simulations, the increase in average engraving force is expected to
have only minor effect (2 to 4 kpsi) on peak pressure generated by inventory projectiles. Some
"finessing" of the forcing cone angle and free run is likely to reduce that number further.
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Figure 40
Revised heptagonal barrel configuration

CONCLUSIONS

1. The baseline heptagonal barrel will exhibit peak chamber pressures about 15 to 20%
higher than the same cartridge loaded in a standard M240 barrel. This is due primarily to
the increased resistance pressure early in the in bore travel of the projectile.

2. The increase in peak chamber pressure could be reduced by either increasing the free run
of the projectile prior to the start of engraving or by reducing the forcing cone angle in the
barrel.

3. A slight decrease in resistance force was observed for the 2.5 deg half angle forcing cone
compared to the 1.2 deg half angle forcing cone found on the M240 barrel baseline. It is
believed this difference is due to a reduction in the plastic deformation of the M80
projectile in the 1.2 deg barrel.

4. The addition of lubrication to the M80 projectile exterior increased the engraving force in
the baseline M240 barrel with 1.2 deg half angle forcing cone, while it decreases the
engraving forces in the 2.5 deg half angle forcing cone barrel. Likewise the push force
standard deviation increased with lubrication in the 1.2 deg half angle forcing cone, and
decreased in the 2.5 deg half angle forcing cone.

5. Projectile construction and elastic modulus appear to play significant roles in the
resistance pressure of small caliber projectiles.
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6. Unlubricated solid projectiles pushed in the heptagonal barrel resulted in push forces so
high the push punch experienced catastrophic deformation.

RECOMMENDATIONS

1. The effect of forcing cone angle on resistance force should be more thoroughly explored
for small caliber projectiles. Additional M240 and heptagonal barrel material is available
for test samples, additional chamber reamers can be procured inexpensively from Clymer
Tools at relatively short notice.

2. The effect of projectile construction on resistance pressure in the 2.5 deg half angle barrel
and other forcing cones should be examined.

3. The "cross over" forcing cone angle between elastic and plastic projectile deformation
should be determined for projectile designs using solid copper.

4. Longer barrel sections should be used for future testing to ensure accurate recording of
the engraving pressure decay.

5. For future testing, the sample size should be increased (up to 50 or so) until a steady-state
push force is achieved. Given the relative rapidity with which the data can be accumu-
lated, this should not be a large cost driver.

6. Heptagonal barrel forcing cone design modifications should wait until further push tests
with different forcing cone angles are completed on the current barrel configuration.
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